Abstract-An automatic ac/dc difference calibration system using direct measurement of thermoelement EMFs is described. The system operates over a frequency range from 20 Hz to 100 kHz, covering the voltage range from 0.5 V to 1 kV. For all voltages, the total uncertainty (including the uncertainty of the specific reference thermal converters used) is 50 ppm at frequencies from 20 Hz to 20 kHz, inclusive, and 100 ppm at higher frequencies up to 100 kHz. In addition to ac/dc difference testing, the system can be used to measure some important characteristics of thermoelements, as well as to calibrate ac voltage calibrators and precision voltmeters. Results of intercomparisons between the new system and the manual NBS calibration system, using single-range, coaxial-type, thermal voltage converters as transfer standards, are reported. The results indicate that the ac/dc differences measured are accurate to well within the combined total uncertainty limits of the two systems.
INTRODUCTION
U NTIL RECENTLY, techniques for performing precision ac/dc difference measurements generally made use of manual testing methods which utilize photocell preamplifiers and light-beam galvanometers as voltage detectors, in conjunction with manually balanced comparators [ 1] , [2] . Careful attention to the reduction of systematic and random uncertainties in measurement methods, thermoelements (TEs), and thermal voltage converters (TVCs) has resulted in sufficient confidence in test data to allow results to be reported with total uncertainties at the 10-100-ppm level (or better, in special cases) over wide voltage and frequency ranges [3] , [4] . These manual test methods, however, are very time consuming and subject to errors due to operator fatigue and lack of skill. More recent work [5] , [6] overcame some of the deficiencies of manual test methods. However, the referenced systems still require the use of a TE voltage comparator which is not available commercially. Because of the need to custom build it, the comparator adds to a system's cost and complexity.
Stringent requirements are placed on the measurement system to resolve low-level voltages (about 10 nV), and to overcome the effects of large temperature coefficients and dc reversal differences of the TEs, as well as instabilities of the voltage sources. However, with the advent of stable and accurate analog voltage amplification techniques in combination with digital electronics, digital voltmeters are available with stability, linearity, resolution, and accuracy sufficient to meet the requirements of automated ac/dc difference measure- ments. Programmable ac and dc voltage sources which lend themselves to adaption for automatic testing are also available. Advances in analog/digital interfaces have improved the ease with which computers can be used to control these instruments.
The system to be described in this paper was designed to overcome the deficiencies of present test methods by taking advantage of the technological advances described above. Specifically, some objectives were to: I) utilize a desk-top computer; 2) use commercially available programmable instruments whenever possible; 3) eliminate as much operator intervention as possible in order that testing could be done completely automatically at one fixed voltage range of the test unit; 4) eliminate the additional cost and complexity of using a TE voltage comparator; 5) use test procedures which assure that the test TE's output EMF is held as constant as possible; 6) eliminate the effects of operator fatigue and lack of skill; and 7) achieve about the same level of uncertainty as is presently possible for general purpose ac/dc difference manual testing methods.
The system operates over a frequency range from 20 Hz to 100 kHz, covering the voltage range from 0.5 V to 1 kV. For all voltages, the total uncertainty (including the uncertainty of the reference TVCs used) is 50 ppm at frequencies from 20 Hz to 20 kHz, inclusive, and 100 ppm at higher frequencies up to 100 kHz. In addition to performing ac/dc difference tests, the system can be used to calibrate ac voltage calibrators or precision voltmeters. Furthermore, as will be discussed later, automatic measurements of a TE's dc reversal difference, response time, and the value of the exponent "n" in the expression relating a TE's heater current and output EMF can also be made.
SYSTEM HARDWARE
The new system differs from most present techniques for ac/dc difference measurements in that no TE voltage comparator is used. Eliminating the comparator places additional requirements upon the stability of the system's ac and dc voltage sources, the digital voltmeter (DVM) which measures a TE's output EMF, and the switches which select a voltage to be measured by ihe DVM. The hardware development problem of obtaining low-thermal-EMF switches which could be automatically controlled was solved during previous work [5] . Manually operated low-thermal-EMF switches were modified by linking them to solenoids with 24-V operating coils energized by means of programmable relays.
TE voltages of about 10 mV must be measured to within about 10 nV to achieve 1-ppm comparison precision, and the U.S. Government work not protected by U.S. copyright DVM used to measure these voltages has the resolution necessary to make such a voltage measurement when extensive averaging of data is used. The DVM has an input resistance of about 10 G52, a 60-Hz common-mode noise rejection >140 dB, and a dc common-mode noise rejection > 150 dB. On its most sensitive (10-mV) range, the peak-to-peak low-frequency (dc to about 10 Hz) noise of the DVM, with its input shorted, was measured to be about 50 nV.
The dc voltage source has 10-V, 100-V, and 1-kV ranges with six-digit voltage setting capability on each range. Its specified accuracy is 50 ppm of setting to 10 V, and 100 ppm above 10 V. The ac voltage source also has six-digit voltage setting capability for voltage ranges of 1 V, 10 V, 100 V, and 1 kV, with specified accuracies in the range of about 0.02 to 0.1 percent depending on voltage and frequency ranges. Some typical results of stability tests of these sources will be discussed later.
A block diagram of the system is shown in Fig. 1 As indicated in Fig. 1 , communication between the computer and the stimulus and measurement instrumentation is via the IEEE-488 bus. The digital panel meters (DPM's) monitor the voltage outputs from the dc and ac sources. During testing, readings of both the dc and ac source's output voltages are obtained by the DPMs. These voltage readings are made before the voltages are applied to the test circuit. If the measured voltages differ by more than 0.5 percent from the programmed values, the test is automatically aborted. High accuracy in these voltage readings is not necessary, since TVCs can readily withstand an applied voltage which is 120 percent of rated value. For the ac source, the output voltage is attenuated by a factor of 100 before being connected to the DPM. The attenuation is necessary in order to overcome the voltage-frequency product limitation of the DPM. The counter shown in Fig. 1 monitors the frequency of the ac source. If the counter reading differs by more than about 10 percent from the programmed frequency, the test is automatically aborted. The relay actuator is used to apply 24-V dc to the operating coils of the high-voltage relays as well as to the coils of the solenoids which operate the low-thermal-EMF switches. These switches select the output voltage of the standard TE (Es) or the unit-under-test TE (Et). The voltages, Es and Et, are applied directly to the input of the DVM, and the DVM voltage readings are then stored in the computer's memory for later processing.
AC/DC TEST PROCEDURE
One of the advantages of using a TE voltage comparator is that, since small differences between the standard and test TE EMFs are measured directly, the output EMF of the test TE can be allowed to drift slightly from its reference EMF value when ac, +dc, or -dc voltages are applied [2] , [6] . In this new system, since no TE voltage comparator is used, the requirement for holding the test TE's EMF constant is quite stringent. However, with automation and the rapid response time of the voltage sources (typically 50 us for the dc source and a few milliseconds for small voltage changes for the ac source), the constant output requirement can be readily satisfied. The techniques used will be discussed in this section.
For a TVC with response defined by E = KVn, where E is the output EMF of the TE in the TVC, V is the voltage applied, and K and n are parameters characteristic of the particular TVC, the ac/dc difference is defined as (1) (2)), nS is the standard's dimensionless characteristic n, and &s is the ac/dc difference (in parts per million) of the standard determined as described in [1] , [2] . Equation (4) In order. to increase the reliability of the EMF measurements made by the DVM, ten readings are automatically taken and the standard deviation of an observation of the ten readings is calculated. If the deviation is >300 nV, the average EMF value is discarded and the series of ten readings is repeated. Up to ten attempts are made to obtain an average EMF value with a standard deviation <300 nV, and the test is aborted if the tenth attempt is unsuccessful.
As the preceding equations show, the values of the exponent n for both the test and standard TVCs must be known. The exponent varies with applied voltage, and its variation can be determined by doing "n tests." These tests will be discussed in the next section. For the standard TEs, the coefficients in the equation expressing the value of n as a function of output EMF are stored in a data file in the system software. Once the operator has specified which standard TE is being used, the standard TE's output EMF is measured with a +dc voltage applied, and the value of n, is automatically computed. The values of the test TE's coefficients for n must be manually typed into the computer at the beginning of a test. To guard against mistakes in entering data, the computed values of n for the test TE must be within the limits 1.4 to 2.1.
An additional safeguard is contained in the ac/dc difference program to avoid application of voltages great enough to damage the TEs. When the reset voltage, Vr, is calculated, its value must be less than 120 percent of the rated voltage of the TVC. If the calculated reset voltage is outside this limit, the program aborts.
OTHER SYSTEM CAPABILITIES As mentioned above, the system can readily be used to calibrate ac voltage calibrators using TVCs with known ac/dc differences. The As mentioned in the previous section, one important test that is readily performed automatically is that of determining a TVC's "n" characteristic. Typical results for a 2.5-mA, VHF-type TE which was tested with a nominal 3-V range resistor are illustrated in Fig. 4 For the results shown in Fig. 4 , the TVC was tested from 50 to 1 10 percent of rated voltage. The total elapsed time to obtain the seven data points was about 1.25 h.
Each value of n is computed as the average of four determinations at any given voltage. A least squares analysis of the data provides the option of obtaining a fitted curve using up to a fourth-degree polynomial. An analysis of variance table and residual standard deviation are computed and printed so that the "Igoodness of fit" of the computed equation for n as a function of TE output EMF can be determined. The printed data sheet also shows the values of n(measured) -n(computed). The figure shows an example of a linear fit which, in most cases, provides sufficent accuracy. The coefficients 2.00 and -0.04 are either stored in the computer's data file (for a standard TE) or are typed by the operator into the computer program for the TE under test at the beginning of an ac/dc difference test.
The dc reversal difference (DCRD) of a TE can also be readily determined. DCRD is defined as the difference in applied values of both polarities of dc voltage required to produce an equal output EMF (or "constant output") of the test TE [7] . In order to facilitate DCRD measurements, a "constant input" EMF, A, is actually measured. This A is related to the DCRD by a factor of 1/n as DCRD = (l/n)(A) = E+-E_ 1 (15) (1/n) jE++ where E+ and E_ are the TE output EMFs with equal +dc and -dc (or "constant input") voltages applied, and n is as previously defined. During acceptance tests of some TEs, the data showed much greater variation of DCRD from unit to unit than had been expected. The Fig. 5 . In this test, the voltage was varied from 50 to 120 percent of its rated value in 2-percent increments. For the sake of clarity in the figure, not all of the actual 36 data points are shown. It should be noted that the plotted data show A; hence, the DCRD values referred to a constant output EMF would be smaller by the factor of n (see (15) ). In this test, the maximum A was about 700 ppm at 58 percent of rated voltage, and the minimum was about -330 ppm at 120 percent of rated voltage.
At the time the DCRD testing program was developed, the information on DCRD variation was limited. However, in the intervening time Inglis [8] has published a substantial amount of information in this area. Investigations at NBS have not been as extensive as those of Inglis, but, in general, the results obtained are in agreement with his published data.
The response time of a TE is also a characteristic which can readily be measured using the automatic system. Response time is obtained by making measurements of a TE's EMF when full rated voltage is suddenly applied to the TE. The calculated response time t is the time taken for the output EMF to reach 1 -(1 /e) of its final value. Typical results for a 2.5-mA, VHF-type TE are shown in Fig. 6 . MEASUREMENT 
RESULTS AND UNCERTAINTIES
Manual calibration systems have been in operation for many years at NBS, and their uncertainties have been documented [1] - [3] . DC reversal difference, self-heating and ambient temperature effects, drift effects due to nonequal time intervals between the EMF measurements, unbalanced lead impedances, induced voltages from electromagnetic fields, and operator fatigue and lack of skill are some of the more common sources of error. The process of determining an estimated total uncertainty for a system is based upon 1) a history of measurement results; 2) careful measurements of standards with accurately known corrections; 3) theoretical analysis of sources of errors, along with, preferably; 4) intercomparison tests using two independent test methods [3] . A combination of 2) and 4) was used for the initial evaluation of the automated system. The primary emphasis was placed on comparison of results obtained with a well-characterized manual system and those obtained with the new system.
A single-range (3-V), coaxial-type TVC was tested using established manual techniques, followed by tests on the automated system. The results obtained from the two test systems are shown in Table I. For the automatic system, the values reported are the average of 12 determinations of the transfer standard's ac/dc difference. The random uncertainty was calculated as three times the standard deviation of the mean of the 12 observations, with the result that 3c = 21 ppm for the worst case. In each case, the differences between the results obtained with Both the 3-V and 10-V TVC transfer standards had small ac/dc differences. Therefore, a third intercomparison test was conducted using a transfer standard with large, but accurately known differences. The results of this test are listed in Table  III .
The test results summarized in the three tables suggest a possible systematic uncertainty since the automatic system gave lower values for all but three test frequencies. Further investigation is required to evaluate whether or not this uncertainty is significant, and a multirange transfer standard is presently being evaluated.
CONCLUSIONS
The results indicate that it is feasible to make fully automatic precision ac/dc difference measurements at one voltage. The principal advantage of the system is the elimination of the need for any type of manually or automatically balanced TE comparator, permitting the system to be assembled using commercially available instrumentation, except for the switching modules. This approach, therefore, should make automation attractive to many calibration laboratories faced with the need to make ac/dc difference measurements. Moreover, the system can be used as a nearly self-calibrating 
